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1 Introduction

We shall consider wings where the lsading edge is normal to the free-
' ’ stream and with the small thickness-chord ratios which are necessary for

: reasonsbly economical flight at supersonioc speeds. At low speeds there is
l a flow separation from the leading edge of such a thin wing at incidence

1 ' whether the nose is sharp or rounded, Further, at low apeeds these wings
are thin enough for the flow separation to be of the long bubble type.

This paper gives a brief survey of what we know about such separations
rather than meking an original contribution, Their effects in the
incempressible two~dimensional case will be described first; and possible
means of controlling bubble formation will be discussed, Next we shall
briefly describe the effects of compressibility, end finally three-dimensional
effects will be treated, with partiouler reference to low aspect-ratio wings.

Only the case of symmetric flow, i,e, zero yaw or roll, is considered.

2 Incompressible two-dimensional flow

If the laminar boundery-layer separates from the upper surface near the
leading edge of a thin wing, either a short or a long bubble may be farmed,
Broadly speaking, for round-nosed sections, the short bubble is more
typical of wings of ebout 8 to 12% thiclkness-chord ratio end the long bubble
is more typical of & thickness-chord ratio of less then sbout 8%, although
section shepe and free-stream Reynolds number are also relevant parsmeters,
On a sharp-nosed section where separation necessarily occurs at the leading
edge a long bubble is formed whatever the t/c ratio, The short bubble has
little effect on the serodynemic characteristics up to the stall where i%
bursts; these cheracteristics are much the same as can be calculated for
inviscid flow. On the other hand the long bubble produces large effects,
and it is these that will be oconsidered here, Reocent work in this field
has been described in references 1, 2, 3, 4 and 7 and in the following the
prresent state of owr knowledge is briefly summarized,

In Fig.1 the two-dimsnsional values of 1lift, drag and pitching moment
of two asrofoils exhibiting long bubbles (one sharp-nosed, (a), another
round-nosed, (b)) are ocontrasted with two conventional serofoils (ome
symmetrical with short-bubble separation, (c), another highly cambered with
a rear separation, (d)), The 1lift achieved by the verious types of flow
is very much the same at the seame incidenos; a small kink marks the onset
of the long-bubble regime on the thin round-nosed section (b), The drag
curves show considersble differences, the loss of leading edge suction on
the sharp-nosed acrofoil (a) leading to a resultant faroe which is almost
normal to the surface rather than inclinei forward, Significant chenges
also ocour in the pitching-mament curves which, for a long~bubble type of
flow, are completely different from what is known for conventional aymme trical
or cambered sections, The steble break in the pitching moment, with the
oentre of pressure moving rearwards towards the mid-chorad point, is of
rarticulexr importance,

We inow that the long-bubble type of flow at low speeds is associated
with a characteristic shaps of the chordwise. rressure distribution, consisting
of a stretch of neerly constent pressure over the front pert of the bubble
with a subsequent pressure recovery dowmstresm. Typical exsmples are shown
in Pig,2, The drag rise is obviously asscoiated with the breakdown of the
high suction peak near the leading edge, =nd the shift of the centre of
pressure is linked with the gradual lengthening of the bubble as the
incidence is inoreased, Note that the trailing edge pressure is sppreciably

reduced when the length of the oonstant pressure part of the bubble exceeds
about half a chord,

, -k-
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Analytical peretration of this type of flow has not yet progressed so far
as to enables us to predict the forces on such sn serofoil in sny given ocase,
A-oaloulation of the laminar boundery layer round the nose up to the uparut&on
point mey be made and Owen's criterion! msy then be used with some confidence
to decide whether a long bubble is possible, As to caloulating the shape of
the bubble and its effects on the pressures on the serofoil, we have found it
convenient to subdivide the problem into two perts. One concerns the inviscid
external flow around a shape consisting of the eerofoil plus the displacement
thickness of the bubble and its weke, and the other concerns the visoous flow
ingide the bubble and the weke, The first problem has been attacked success-
fully by Maskell (to be published) for the simple case of a two-dimensional
flat plate with a bubble consisting of a constent mressure part followed by a
wake parallel to the serofoil swurface and subsequently curving into the main-
strean direction behind the plate (see Fig,3)., A preliminary camperison
between theoreticel end experimental results in Fig.3 shows that the chordwise
loading is well represented by this model of the flow, The pressure distribu-
tion however is not quite right if the thiockness of the aerofoil is not taken
into account, The simple expedient of subtracting the presswre distribution
at zero lift as a measure of the thickness effect howsver leads to reasonable
egreement, Maskell's theory is not complete in that the suction in the
bubble, on which the shepe depends, cennot be determined, For this, a solution
of the seocond problep is needed, where a promising attempt hes been made by
Norbury and Crabtres/, They suggest that a pressure recovery coefficient,

may be used to choose the physically possible solution from smong Maskell's
infinite number of mathematical solutions, Here, t‘.tp1 emd G, > are the

preasure coeffioients at separation and reattachment respectively; and the
value of ¢ is about 0,4 acoording to Ref.7. It would appear that in the
case of Fig,3, the turbulent mixing is practicelly over by ebout mid~chord
vhere the pressure and loading distributions with bubble approach those for

cp -0

{1-c

the attached flow., Thus sz = «0,35 and CF,‘l = u «1,25 for ¢ = 0.4,

which leads to the solution drewn, There is same prospect therefore of develop-
ing and combining these methods into one of practicel usefulness,

T.e model of Norbury and Crebtree involves the assumption that the
stagnation streamline, which originates at the line of separation and lies
within the viscous region, masy rejoin the asrofoil swface at a point of
"reattachment"; and that in the region between the top of the bubble and
this reattachment point turbulent mixing takes place at such a rate as to
rrovide the necessary pressure rise, If sush a flow ocoows in practios, we
must be prepared for the reattachment to fluctuate end possidbly to lead to
violent buffeting, Such buffeting would differ in charsoter from that
experienced when a rear separation ococowrs and a more detailed investigation
of this problem is required,
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3  Possible means of controlling bubbles at low speeds

Even when acocepting a long-bubble separation as something which cannot
be avoided, there is still a possibility of affecting their shape and
development in some manner which mey appear desirsble, One obvious approach
is the attempt to influence ths motion inside the bubble and thus its shape
(length in particular), as this is a controlling parameter. This can be
done either by influsncing the line of separation and the state of the
boundery layer there; or by influencing the turbulent mixing, in the
extrems case by feeding energy into the mixing zone by artificially creating
vortex motions, Unfortunately, at the present time, only tentative and
unsubstantiated suggestions can be made,

To influenoce the state of the boundary layer at the separation line and
hence alsc the turbulent layer after reattachment, various methods which
ere nown from other boundary-layer control work present themselves,
Tangential blowing, either just upstream of the laminar sepsration line or
within the mixing gone is being pursued by Williams and Coleman, and appears
to be a likely means of making a long bubble shorter, Blowing forwerds out
of a sharp-nosed serofoil mey make a long bubble longer and thus produce a
rearward shif't of the centre of pressure, which may be desirseble as a means
of narrowing the gap between subsonic and supersonic trim positions, The
possible effects of suction are more obscure; it is doubtful, for instanoe
whether the pressure in the bubble could be reduced and thus the bubble
shortened by means of suction, _Roughness and blowing air through discrete
holes, as investigated by Wallis® and others, affects the burating of a
short bubble and the switch-over from long to short bubbles but is not likely
to be effective as a means of controlling the length of long bubbles,
Blowing in conjunction with flaps either at the leading edge or at the
trailing edge or both, also asppears to justify a careful investigation,

Of the more unconventional meens of affecting the sheape of long bubbles,
a nose flap which is tilted upwards may be mentioned, This, as well as a
small farward-mounted split flap on the upper surface, could be a msens of
producing a bubble at a given inocidence or 1lift coeffiolent which is longer
than the natural bubble.

Some other devices which affect the bubble shape rely on three=-
dimensional effects to disturb the two-dimensional cheracter of the bubble,
For example, if a vertical plate is put on a wing with a long bubble such
that it protrudes upatream of the leading edge, the bubble boundery is
likely to chenge its shape as the plate is gpproached, It is quite possible
that the bubble does not reach the plate at all, and the plate would thus
act as a "bubble-piercer®, An effect which may be explained in this menner
was discovered by Morrall in flight tests on the Avro 707 B (to be published),
There, such plates in the form of fences were put at a spenwise station of
85% semi-span, These fences produced a higher 1ift force near the wing
tips (and thus a more satisfactory pitching moment curve) when the incidence
was such that the fences were in the middle of a large separated region, with
the bubble extending beyond the tralling edge. It sppears that the fence
somshow alters ihe shepe of this bubble, although its spanwise extent wes
very little changed, so that the mean suction was increased.

Other bubble pilercers can easily be oonatructed by introducing a dise
continuity in the leading edge shape, For example, a flat triasngular pleoce
in the chordal plene protruding 5% of the chord forward from the leading
edge of an R.AE. 101 serofoil of 6 thiokness-chord ratio with nearly two-
dimensional flow had the effect of disrupting en existing long bubble*, A
pair of rolled-up trailing vortioces from the edges of the triangular besk
(similar to those issuing from vortex generators) obviously maske sa ordinary
bubble type of flow downstireesm of the beak impossible, What effect this
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b has on the forces on the aerofoil must depend alsc on the planform of the wing
' and camot yet be predicted, It is possible that "notches” act in a similar
fashion, We may mention in this oontext that insects almost invariably have
| ssrra'bed leading edges or other piercing devioces, according to von Holat end
i Kuchemann9, t0 enable them to fly with a ciroulation round their wings in spite
| of their necessarily low Reynolds numbers where a flow separation is not likely
to be avoided,

4L  Effect of oompressibility on long bubbles in two-dimensional flow

In the treansonic flow regime where strong shocks may occur within the wing
chord, the possibility arises of such shocks leading to flow separations,.
These ere of a different nature from the leading edge separations considered
here, and we refer to recent summary reports on work done at the N.P.L, by
Holder and Gedd!0 and Pearceyll,

Purther, the characteristics of thin asrofolls at supersonic speeds are
not dealt with in this peper, There is no large separated region stemming
from near the leading edge for M, > 1, although the upstresm influence of the
trailing edge shock wave mey be such as to cause a separation over the rear
half of the aerofoil, Apert from this shock-induced separated region the two-
dimensional pressure distribution sppears to be reasonab%y well estimated by
second-order theories, as shown for example by Vincentil?,

Even with the low suction coefficients associated with the formation of long
bubbles it is obvious that compresaibility effeots will arise at flight Mach
nurbers well below unity, For instance sonic speed is reached locally for
Mo = 0,5 when -C, is as low es 2,2, For My = 0.6 the oritical Cp , is

“A.4e Theoreticelly, maximum expansion (i.e. a vacuum) ocours for Mg = 0,8

at a ~C, of only 2,2, It is clear that the bubble type of flow with free
boundaries, which has been discussed so far, cannot be maintained under such
conditions, Even if the flow atill separates, ssy from a sharp leading edge,
the oonstant-velocity boundary must be replaced by a supersonic expansion,

This mey help to turn the flow round the nose through the large angle required
and may thus, ~ possibly beneficially -, alter the reattachment of the flow,
The reattachment process itself and the shape of the wake must also be affected
by compressibility, When shock waves sre present in the external strosm after
the expension round the nose, there is no reason why the displacement surface
of the wake should still be predominently parallel to the aerofoil surface, as
it is at low speeds,

These flow conditions will persist as long as the flow is fundementelly
transonic, When the flight Mach number is sufficiently high a true supersonic
type of flow will be established which, in the present context, can be assumed
to exhiolt no flow separations, In this ocondition the flow will be such that
the centre of pressure is fairly far back near mid chord, and one of the
importent trensonic phenomena is how the centre of pressure moves back while
the flow separation subsides and the true supersonic flow is being established,

These tremsonic flow phenomena are not yet properly understood and require
much further study, Soms experimental data are availsble, end the effects of
ocompressibility on thin round-nosed sections are illustrated very cleerly in the
Schlieren photographs and pressure distributions of References 13 and 14
further information on sherp-nosed sections (at least at low inoidenoes) mey be
found in Reference 15,
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Some typical pressure distributions over the Mach number range (taken
from Reference 13) are plotted in Pig.4 for a 2% thick slab-sided aerofoil
with a relatively round nose, The cheracteristic low-speed long bubble
presswre distribution will be seen for speeds below the critical Mach number.
At higher Mach numbers a supersonic expmsion takes over, leading to alightly
higher suction coefficients near the noss, At the end of the expansion the
Schlieren photographs of Reference 9 show a series of weak normal compression
waves outside the separated region and the pressure recovery appears to be
greater then at low speeds, At still higher Mach numbera, when the flow
has reattached, a lambda shock pattern is formed, The main compression
wave 18 fairly well aft and the forward leg is provided by a weak oblique
shock wave from nsar the leading edge. As the Mach number is increased
the main shock wave moves back towards the treiling edge in the ususl way
dus to the growth of the supersonic region on the upper surface, The fran-
sonic reattachment process ocours very sbruptly for this particular seotion
as evidenced by the pressure distributions of Fig,4, end also by the pitohing
moment curve s of Fig.5., The movement of the centre of pressure with normal
force coefficient at various Mach numbers is also drawn in Fig.5, and the
large trim changes ere clearly shown by these curves,

However for a 2% thick section with a more nearly elliptical nose the
process of transonic reattachment is much smoother, and the pitching moment
owrves for example show less abrupt variations with Mach number near that
for transonic reattachment!3,

In other cases the pressure recovery referred to ebove may be very
gradual, as in the results of Reference 14, There the aerodynamic
cheracteristics of NACA 6LAOXX sections are compared, and the pressure
distributions measuwred on the 4% t/c serofoil do not exhibit the low speed
long bubble shape at, for example, M, = 0,70 and @ = 8° although the corre-
sponding Schlieren photogreph shows a large separated region starting from
near the leading edge, Where a constent pressure region might be expected
(and was obtained on the 2% t/c slab-sided section of Fig.4) a continuous
pressure recovery was measured on the eerofoil surface,

To camplete the picture, the sectional serodynemic characteristics of
the NACA 64A00L serofoil ere compared with those of the NACA 64,4012 eerofoil
in Figs.6 end 7 (extracted from Reference 14), for various free-streem Maoh
nunbers, The 1lift ocurves show marked non-linearities even in this two-
dimensional case, Although the variations in the position of the centre
of pressure on the 4% thick serofoil are a good deal less than on the 12%
t/c section it is evident that there are still very undesirsble trim changes
throughout the incidence and Mach nunber ranges.

The section drag coefficients for the two eerofoils are compared in
Fig.7, where the broken curves are plotted on the assumption that the
resultant force is normal to the chord line, At low speeds this implles
oamplete loss of the leading edgs suction force and it will be seen that
the 4% thick smerofoil reteins some of this suction foros in spite of the
presence of a long bubble, even at a Mach number as high as 0.7,

5 Three-dimensional wings

Supersonic aircraft utilising the thin ssrofoils considered in this note
often have wings of small aspect ratio. The effects csused by the three-
dimensional flow on finite wings are then very pronounced., As an illustre~
tion, Fig.8 gives the 1lift, drag and pitching moment on two rectangular
wings of aspect ratio 1, The two wings have different ssction shapes;
wing I has a conventional thick profile (NACA 0012) and wing II is a flat
plate of 1% thickness=chord ratio with a rounded nose. In two-dimensional
flow wing I has attached flow at the leading edge for the whole incidence
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rangs whilst on wing II the flow separates at the leading edge and forms a long
bubble, except at very amall incidences,

Whatever the type of flow in three-dimensions, experisnce shows that the
initial changes of lift forcs and pitching moment with angle of incidence are
the same as those obtained in the oess of attached flow everywhsre except at
the trailing edge. In that case we have the well-known effects of finite
aspect-ratio: reduction of the lift slope, a centre of pressure position
ahead of the quarter chord point, and a drag due to lift which is very closely
equal to the minimum induced drag. The effects can be calculated from linear
theory, e.8. by the method of Klichemenn!7, These results supply not only the
values at mmall incidences (or at least the tangents at zero lift), but ere
also used as a basis over tho whole incidence range by determining all other
non=-linear effects as additional terms,

Ac the angle of incidenco of the thick wing is increased we notice the
effects of the flow separation at the tips:~ & non-linear increment of the
1lift accompanied by a rearward movement of the centre of presswe., These
effects can be estimated by replacing the real vortex sheet caused by the
flow scparation at the tip-edges by a plane vortex sheet normal to the wing
swface, The induced angle of incidence and the additional 1lif't caused by
such a vortex system can be calculated by the method of Reference 18, This
method is based on the assumption that the final height of the sheet is
h =% « x tip chord, The pitching moment is calculated under the assumption
that the non-linear 1ift term has its centre of pressure at mid-chord, The
induced drag is celculated by assuming that the non-linsar lif't corresponds
to a force normal to the wing chord, i.e. the suction force is not increased

nd the linear theory velue, The calculated values are plotted as curves
(bgoin Fig,8. The general experience is that 1lift and drag are well
represented by this method; but the calculation of pitching moment requires
some refinement, On the whole, the %ip vortex sheets have a beneficial
effect on the pitching moment variation with Mach number,

The eerodynamic cherecteristics are different when the flow also separates
from the leading edge, We see from ig.8 that on the thin wing where the flow
separates from all edges the 1lift is higher then for the thick wing. The drag
of the wing with separated flow is larger than on the wing with attached flow,
The effect of the leading edge separation on the pitching-moment is to shift
the centre of pressure still further backwards, This is in fact a featwre of
a bubble~type flow even in two-dimensions, but the increased non-lineer part of
the 1if¢ also acts near midechord,

Very little is known as yet sbout the flow combination whioh includes tip
vortex sheets as well as a bubble separation from the leading edge. Three-
dimensional effects are very large in this case, and it is likely that the
bubble is much shorter than it would be in two-dimensional flow under similar
conditions, at least along the wing ocentre~line, Thus, instesd of having a
very long bubble extending out into the wake we may have, on a wing of small
aspect ratio, a bubble which extends into the wake only close to the wing
tips. In between the bubble mey be much shorter, the vortiocity still being
oonomtrat?g near and above the wing tips, Such conditions have been observed
by iicheel It is then posaible that the model incorporating plsne tip
vortex sheets is still adequate if it is modified to allow for s greater
height of the tip vortex sheets, This would taske account of the fact that .
the flow is displaced further off the surface due to the bubble near the lesding
edge, Assuming the height to be proportional to Va, instesd of «, the non-
linear 1lift increment becomes
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On wings with leading edge seperation, the suction force in that region
is lost, which means that the force due to 1lift is nearly normal to the chord,
The drag ocefficlent is thus roughly equal to that at zero 1lift plus the term
Qe UI, if we ignore the chenge in skin friction with 1lift, (On the flat
plates with rounded noses, Figs.8 and 9, measured in Reference 16, same suction
foroe occurs for small sngles of incidence). This undesirable effect of
leeding edge sepearation on the lift-drag ratio is partly alleviated by the
beneficial effect of the non~linear 1lift inorease as illustrated in Fig.11.
The ratio I‘/D is plotted for the cases of zero suction force and full
suction force corresponding Eo the linear 1lift contribution, It is clear
from Fig,9 that the term Cp%/xA does not give the minimum induced drag in
those oases where a non-linear 1lift term exists,_ _With non-linear lift, the
drag due to 1ift is not of the farm oonstant x Or2/xA.

Considering now the effects of oompressibility, we msy assume that at
Mach numbers around 2 the wing has been so designed that no flow separations
oocour., The aerodynamic cheracteristiocs can then be estimated by ordinary
means, We mgy note here that the aspect ratio can have a relieving effect
on the pitching moment variation in that for wings of small aspect ratio the
oentre of pressure is not so far back as on two-dimensional asrofoils, Thus
the required trim change through the Mach number range msy be smaller (see
References 23 and 2L),

Fundementel chenges will again ocour in the transonic range where our
knowledge of the flow conditions is still very poor, in partiocular for three-
dimensional flows, However a few experimental data mey be quoted, without
attempting to explain or to estimate the various effects,

Experimental results are given in Fig.12 for a rectangular wing of aspect
ratio 2 attached to a body of maximum diemeter D/b = 0,18 at various values
of the flight Mach number M,. The wing had a 3%-thiok rounded-nose section,
8o that flow seperation at the leading-edge and at the side edges will ocour
at low speeds, Besides the well-known increase of the lift-slope at zero
incidence with increasing M, in subsonic flow and the decrease in supersonic
flow, we notice that the non-linear lift term exists for the whole subsonic
speed range but is rather small or non-existent in supersonic flow, The non=-
lineer 1ift term however need not only be due to the tip flow, since even on a
two-dimensional wing the 1lift ourve sometimes shows (depending on the section
shape) a non-linear variation for high subsonio Mach numbers %see Fig.6).

To 1llustrate how the variation of the non-linear 1lift term with
depends on the aspeot ratio of the wing, Figs.,13 amd 14 give the results of
tests on wings of various aspect ratios by the transonic bump technique, Far
the aspect ratio 2 wing at M, = 1,1, they show only a small non-linear lif%
term whilst for the wing of aspect ratio 1 the non-linear effect is rather
large, Pressure diggributim measurements and flow visualization tests by
Busing and Lilley22,%8 and flow visualizmation tests by Lock have shown that a
tip vortex sheet still exists at supersonic speeds. The streeam lines near
the tip showed a large spanwise velocity oomponent directed towards the tip.
Such a flow is produced by a rolled-up tip vortex sheet, It is not yet known
how the streamwise distance at whioh a plane trailing vortex sheet may be
oonsidered to be essentially rolled-up, varies with Mach number, We camnot
sgy if the linearity of the curve for the aspsot ratio 2 wing at high M, mey
be due to the fact that the tip vortex sheets are missing,

The effect of the_tip vortex sheets on the chordwise loading is to reduce
the veriation of the (C1,) owrves with Mach number in the transonic speed
range &8s shown in Figs.13 and 14, Purther details, for a particular unswept
wing, will be given by Soott-Wilson,
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6 Some interference problems

AMroreft designs for high Mach number flight which incorporats unswept
wings sre likely to have fuselages which are fairly large compared with the
wing spen, end elso nacelles, This leads to interference effects which may
be very important, and which may give rise to flow separations at subsonic
and transonioc speeds,

It is as well to determine such interference effects for atteched flow
first in order to detect places where flow separations are likely to ocour.
The changes in the spanwise distribution of the lift due to nacelles, for
example, cen be very large, and Fig.15 shows a typicel case. The whole
field of interference problems, at low speeds, has recently been surveyed
in Reference 29, end verious calculation methods have been described there.

Flow separations may still occur at transonic speeds but there is, of
course, no calculation method availeble, apart from those from combinations
with attached flow which are slender and for the hypothetical case of
"sonic speed".

For interference Sf‘fects in the supersonic field we refer to the recent
report by Busing ot alé? , and experimental results have also been given by
Treadgold et al4, Busing found that the flow on the body separated just
ahead of the leading edge and this caused a detached shock wave., The sub-
sonic flow behind this detached shock wave separated at the leading edge and
formed a separation bubble on the wing upper surface, Further, the vortex
sheets originating from the sides of the fuselage affect the upwash in the
wing root and hence the asrodynamic characteristics of the wing.

Even at low speeds it is not always certain that flow seperations will
ocour in a menner similser to that on the wing alone. For example, the flow
in between the fuselage and the nacelles in a cese such as that in Fig,15
may be considered as very nearly two-dimensionel in many respects, But
that does not imply that, if a long bubble separation ocours from the leading
edge, this bubble will be the same as in two-dimensional flow, Radical
changes are bound to occur at the side ends of such a bubble at the solid
walls of the fuselage and the nacelles. We must expect the bubble to be
severely distorted at both ends, the fuselage and nacells walls acting in a
similar manner, as bubble plercers, We do not yet know whether the bubble
shape is steble or whether it is varying differently at various spanwise
stations giving rise to lateral flow oscillations.

LIST OF SYMBOLS

X coordinate along the chord
*e.p. centre of pressure position
c wing chord
c meen chord
t maximum thickness
P nose radius
b wing span
- 12 -
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LIST OF SYMBOLS (Contd)

meximum body diameter

aspect ratio

angle of incidence

angle of incidence at zero lift
pressure coefficient

difference between the pressure coefficients on upper and
lower surface

total lift

totel drag

secliion normal force ocoerficient
section 1ift coefficient

total 1lift coefficient

total lift coefficient from linear theory

non~linear lift contribution

section drag coefficient

section drag coefficient at zero 1lift

total drag coefficient

section pitching moment, measured around the quarter chord
total pitching moment

total pitching moment from linear theory

Mach number of the undisturbed main flow

local Mach number

-13-
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FIG.1S. LOAD DISTRIBUTIONS ON A WING
WITH FUSELAGE AND NACELLES.
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